Cell adhesion molecules (CAMs) may act as regulators of morphogenesis by constraining cell motion, forming borders, and controlling intercellular communications that lead to embryonic induction. This postulated causal role of CAMs in inductive events was tested here in an in vitro system of feather induction. In the developing chicken skin, an ectodermal sheet of epithelium interacts with mesodermal cell collectives to form more or less circular feather germs arranged in a hexagonal pattern. Cells of the epidermal epithelium are 
The elaboration of morphological structures during embryonic development is dependent on inductive interactions between cell collectives having different histories (1) . These interactions lead to differential gene expression, giving rise to new embryonic structures by altering the fates of cells in the participating tissues. Although inductive interactions have been defined in terms of the competence of cells at different times and places of interaction, the cellular and molecular genetic mechanisms underlying their changes in fate are not understood.
It has been proposed that the expression of cell adhesion molecules (CAMs) may provide an essential mechanochemical link between the genetic and epigenetic control of inductive events (2, 3) . Studies on the localization of CAMs at inductive sites have shown that the two tissues involved express different CAMs on their cell surfaces according to definite modes or rules (4) . CAM expression presumably mediates direct contact between cells in each of the adjoining tissues and establishes borders between such tissues as a result of differences in CAM binding specificities. The induction of feathers is a particularly useful model for studying the causal role of CAMs because it results in a periodic pattern and it may be studied in vitro. In feather induction, signals of an unknown kind pass from epidermis to dermis and from dermis to epidermis, with different effects depending upon the stage of transaction and cellular competence. The experiments described in this paper were designed to study the effect of altering liver CAM (L-CAM)-mediated interactions among cells of the epidermal epithelium upon the induction of feathers by dermal condensations in the chicken skin. With the known effects of perturbation (for review, see ref.
3) ofCAM binding on morphological integrity in mind, we constructed the following paradigm: (i) establish organ culture explants of the dorsal skin ofthe developing embryo; (ii) use antibodies to L-CAM to perturb intercellular linkages in the ectodermally derived epidermis by specifically blocking L-CAM-mediated binding; (iii) search for changes in mesodermal tissue linked by neural CAM (N-CAM), for changes in the hexagonal symmetry of feather germ pattern, and for long-term changes of morphology that ensue in culture. Our hypothesis was that disturbance of linkage by one CAM in a cell collective (epidermis) would alter the response of that collective to inductive signals or change the sequence or character of signal transfer to a second collective (mesoderm). Because the paradigm was designed specifically to avoid mechanical disruption in structures of the mesoderm (which are linked by N-CAM and not by L-CAM), ensuing changes in the pattern of that tissue would most likely reflect alterations in the coupling of CAM binding to signal response or signal transfer or both.
Application of anti-L-CAM antibodies to cultures for 3 days resulted in the formation of striped rather than circular mesodermal condensations and the underlying pattern of these stripes deviated from regular hexagonal symmetry. Instead of forming the normal filamentous structures characteristic of long-term (10 (5) . Nonimmune rabbit antibodies were prepared from serum from commercially raised rabbits (Dutchlands). Antibodies against whole liver cells were prepared as described (6) . The anti-L-CAM used in these studies was a pool of antibodies from a number of bleedings of a single rabbit that was immunized with undenatured, affinity-purified Ftl fragment of L-CAM (6) . Comparable results were obtained with a different preparation raised by using L-CAM denatured by NaDodSO4 as an immunogen. The antibodies bound only to L-CAM polypeptides in immunoblots of liver and skin extracts (6, 7) .
At the end of the culture period, explants were fixed overnight in Bouin's fixative. All samples were then decolorized in 70% ethanol saturated with Li2CO3 and stained overnight with borax carmine (8) . After 
RESULTS
Feathers of the chicken develop in several different independent tracts (11) . We chose to study the spinal tract because it covers a large area of the developing skin and because of its relative ease of manipulation. This tract develops visibly starting at 6-6½ days after laying (stage 29-30). The skin at this stage of development is a sheet of epithelium overlying a layer of loose mesenchyme. The appearance of a dense dermis formed from somitic mesodermal cells is followed by formation of epidermal placodes in the lumbar midline (12) in an anterior-posterior direction; rows of placodes then propagate mediolaterally yielding hexagonal arrays (12) . New feather germs are formed in dorsal skin in a mediolateral direction at a rate of one row per 6 hr in vivo and one row per 15 hr in vitro, and an area is predetermined to form feathers several hours before any morphological change occurs laterad (13, 14) . As a placode forms in the L-CAM-linked (7, 15, 16) epidermal sheet, the underlying mesenchyme forms N-CAM-positive cellular condensations underneath the placodal region (15) . These condensations grow and expand, and as the overlying ectoderm loses its placodal thickening, the mesodermal masses expand further and form the protruding feather buds.
Uncultured whole mounts of the skin showed one to three rows of feather rudiments forming in the midline, with featureless tissue extending laterally ( roughly hexagonal pattern of circular cell condensations (175-220 ,um in diameter) after 3 days ( Fig. 1 B and D) . At the edges of the explants the staining of the condensations was lighter, they appeared to be more diffuse, and on occasion they were oval in shape.
Explants grown in the presence of Fab' fragments of antibodies to L-CAM showed a concentration-dependent disruption of the overall pattern of condensations. When cultured with 5 mg of Fab' per ml, the explants had few if any condensations and even the central condensations that had begun forming before the skins were dissected appeared small and distorted (not shown). Explants grown in the presence of 1 mg of Fab' per ml had a distinctive pattern ( Fig.  1 C and E) that differed greatly from the unperturbed pattern: instead of being circular, the condensations formed stripes and the areas between the stripes were stained more darkly than the areas between unperturbed circular condensations. A second striking change was seen in the symmetry of the condensations. Whereas the circular condensations in the untreated skin formed in a roughly hexagonal pattern, the stripe condensations in the treated skin were occasionally formed in a diagonal direction coincident with one ofthe axes of the hexagonal pattern, but often extended in a directly mediolateral direction that was inconsistent with the sym- (Fig. 2A) Table 1 ). The condensations also displayed >8 times greater density of [3H]thymidine-labeled nuclei at 3 days than the uncondensed regions (see Table 1 ); the labeling index was 4 times higher inside the dermal condensations. Cells in condensations also had much more compact morphologies than those outside the condensations, and part of the striking difference in H&E-stained sections was due to the darker staining of the cytoplasm in the cells making up each condensation.
Cultures grown in the presence of anti-L-CAMFab' (1 mg/ml) for 3 days (Fig. 2B) showed a thicker periderm that appeared to be more loosely associated with the underlying epithelium. However (Fig. 3A) Cultures that were maintained in the presence of antibodies to L-CAM for 2-3 days and then cultured with medium alone for the remainder of the 10-day culture period had a radically different morphology (Fig. 3B) (17) . Only a few of these elements showed a thin filamentous structure growing Developmental Biology: Gallin et al. Because the observed changes were so widespread, the cultures and antibody preparations were carefully monitored to rule out adventitious effects. There was no evidence that the highly specific antibodies to L-CAM used in these experiments were toxic for cells nor was their effect purely mechanical: the cultured tissues did not collapse, wrinkle, or shear at any dose of <5 mg/ml. Condensations that had formed prior to perturbation remained unaltered, indicating that the effect of the antibody treatment was not degenera- tive. Although antibodies at a dose of 5 mg/ml completely disrupted epidermal cell-cell adhesion, at all lower doses, removal of the antibodies from culture allowed cells to readhere and reform epithelial structures, indicating that the direct effects of the antibodies were reversible. Functional tests (W.J.G. and G.M.E., unpublished) of the antibodies confirmed their specificity as revealed by immunoblots: anti-L-CAM inhibited aggregation of epidermal cells in vitro but had no effect on dermal cells; anti-N-CAM partially inhibited dermal cell aggregation but had no effect on epidermal cells.
The fact that the pattern of accumulation of N-CAM-linked dermal cells changes as a result of direct perturbation only of L-CAM-linked epidermis indicates that a signal sent down from the epidermis to the dermis or an epidermal response to a signal sent up from the dermis (or both) is dependent on the integrity of the epidermal cell collective linked by L-CAM. In view of their different locations and different binding specificities, it seems unlikely that L-CAM or N-CAM itself is directly involved in signaling between epidermis and dermis.
These conclusions have been incorporated into a computer model (L.H.F. and G.M.E., unpublished) of feather germ induction that generates the normal and the antibody-perturbed patterns. The model differs from previous proposals (18) (19) (20) (21) in that it explicitly specifies a causal role for CAMs in the response of cell collectives to inductive signals. In the model, the lateral advance of the dense dermis (in this instance, a result of mitotic activity) is a major constraint on the order of formation of actual condensations (21) . Experimental evidence (reviewed in ref. 21 ) suggests a minimum of two inductive signals (Fig. 4A) : Es, produced by L-CAMlinked epidermal cells, and Ds, produced by N-CAM-linked dermal cells. We treat the signals as diffusible morphogens, but the model is also consistent with direct cell-cell signaling. Es acts on mesenchymal cells within dense dermis to increase their mitotic rate, turn on N-CAM production, and form condensations. Dermal cells in condensations then produce D., which acts upon epidermal cells to induce placode formation and to down-regulate production of E. over an area slightly larger than each condensation. This eventually halts the growth of the underlying dermal condensate. In normal epidermis, down-regulation of E, occurs in a cooperative manner, reflecting cell-cell interactions mediated by L-CAM (solid curve in Fig. 4A ). Anti-L-CAM antibodies act exclusively on epidermis and could alter production of E. in three ways: (i) by changing the effect of D, in down-regulating E, production, (ii) by changing the baseline rate ofproduction of E, itself, or (iii) by changing the time constants of epidermal cellular response to D,. When tested in computer simulations, increasing the net production of E, by combinations of the first two possibilities led to stripes in a robust manner; the third possibility also led to stripes but only in a narrow parameter range. We therefore assumed in further modeling experiments that disrupting L-CAM linkages of epidermal cells leads to increased production and decreased downregulation of E, in epidermis by interfering with intercellular cooperativity (dashed curve in Fig. 4A ). Unperturbed development is simulated in Fig. 4 Simulation of antibody-perturbed development (Fig. 4 C and E) also began with a normally developed midline row of condensations. By decreasing the cooperativity of the function reflecting down-regulation of Es (see Fig. 4A ), striped patterns resembling the experimental patterns were obtained. In the simulation, anti-L-CAM acted on the epidermis to prevent Es from being sufficiently down-regulated and, as a result, dermal cell condensation continued laterally, forming stripes of cell condensations. Between condensations, however, Es was still sufficiently down-regulated to prevent condensation, thus ensuring stripe formation. Further tests and elaborations of this model await perturbation analysis using anti-N-CAM as well as anti-L-CAM.
The present study provides a direct demonstration that a CAM can be causally involved in the complex chain of embryonic induction. The results fulfill one of the main predictions of the regulator hypothesis relating the mechanochemical functions of CAMs to inductive signaling (2, 3 
